In the paper it is theoretically proven that the topological structure of the airflow field in an airliner cabin is absolutely unstable. These are typical flow characteristics in the cabin. This also explains why in previous numerical simulations and experiments, discrepancies often arose in flow-direction results. Next, we used the fine LES with 22 million grid cells to reproduce the primary flow instability phenomenon in a symmetric cabin. However, the unsteady RANS (URANS) method with conventional turbulence models, such as the RNG k-ε turbulence mode, the Realizable k-ε turbulence model and the V2f turbulence model, cannot effectively simulate the instability of flow field in a symmetric cabin. So we developed an anisotropic model (BV2fAM) based on the idea of the V2f model. Three million grid cells are used in the BV2fAM simulation. The flow instability phenomenon is successfully reproduced in the numerical simulation of BV2fAM.
Introduction
Nowadays, global commercial air traffic is estimated to exceed one billion passengers annually [1] . So people are increasingly concerned about air quality issues in the aircraft cabin environment. The public demands a comfortable and safe closed environment because they may encounter a combination of environmental factors including uneven temperature distribution, low humidity, and sometimes, exposure to air contaminants such as airborne infectious diseases [2] . The air distribution in airliner cabins may have problems in providing a comfortable and safe cabin environment. Moreover the air distribution may be of unsteady state, low speed, high turbulence with unknown pulse frequency. Therefore, it is essential to study how the air is distributed in cabins. Many studies have been conducted on thermal comfort and air quality in buildings or transport vehicles. Generally, experiments and calculations are used. There have been many experimental studies on cabin air distribution that were conducted either in a mockup facility [3] [4] or on an actual stationary airplane [5] [6] . However, it is hard to accurately measure the flow conditions near heat sources, such as human bodies, equipment and vents in a cabin. In addition, a full-scale air cabin mockup could cost a million dollars or more and may not represent real cabin conditions if the simulator contains only a few rows of seats [7] . The Computational Fluid Dynamics (CFD) method has become the most widely used tool for studying air distributions in cabins due to the rapid increase in computer capacity and the development of userfriendly CFD program interfaces. The CFD models used were Reynolds-Averaged Navier-Stokes (RANS) equation models and Large Eddy Simulation (LES) [8] . LES always requires much more computing time (at least two orders of magnitude longer) than RANS for a steady state flow [9] . Most CFD simulations have used RANS models. The most well-known and applied models for air distribution in a cabin are the two-equation standard k-ε [10] and RNG k-ε [11] models. Yan et al. [12] used the standard k-ε model to simulate the airflow field in a full-scale Boeing 767-300 mockup with unheated manikins. Their results showed that the CFD results agreed with the experimental data in the sense that the two big vortices were captured by the simulation, but the plume above the middle passenger was not captured. Zitek et al. [13] , aiming to design a personal ventilation system in a cabin, applied the standard k-ε model to simulate the airflow around a seated manikin. Their results presented very significant discrepancies of air velocity magnitude between the measurement data and the CFD results. Zhang et al. [14] used the RNG k-ε model to study the airflow and contaminant transmission in a twin-aisle, economy-class section of an airliner cabin. The investigation of Liu et al. [15] compared the performance of three turbulence models in different categories for predicting airflow and temperature distributions in the first-class cabin of a functional MD-82 aircraft. However, poor agreement was found between the computed results and the experimental data.
The present paper first discusses the flow characteristics in a cabin, using the conventional two-way ventilation model. Through the analysis of flow stability theory, we show that the flow in the cabin, viewed through this ventilation model is an absolutely unstable flow. Hence, an unsteady flow simulation must be used. In order to eliminate the disturbance brought by the asymmetric geometry, a single-row geometric cabin symmetry is adopted as the appraisal model. The LES simulation results under a fine grid are used as a benchmark to evaluate a number of turbulence models. A good turbulence model should have high computation efficiency and effectively simulate the instability of the flow field. In the future, it will be employed for the simulation of full-size aircraft cabins.
Flow characteristics in aircraft cabin
The ventilation system in the conventional aircraft cabin is a two-way ventilation mode [16] . Air inlets are at the upper edges of both sides of the cabin. The outlets are at the bottom of both sides of the cabin shown in Fig. 1 . For this kind of ventilation system, the two jets meet at the upper zone of the aisle and change flow direction. Most airflow turns down toward the aisle floor. When the airflow hits the floor, it will change flow direction again. It will divide into two parts and flow out from the bottom outlets at both sides of the cabin.
This kind of ventilation design determines the basic structure of the flow field in the cabin. There will be a topological structure with a typical saddle point to saddle point pattern, shown in Fig. 2 . There will be a saddle point structure A at the intersection point of two jets at the upper area of the aisle. And another saddle point structure B will form at the bifurcation point at the bottom of the aisle. According to stability theory [17] [18] , the system will be unsteady if there is a heteroclinic orbit connecting two saddle points in the system. If a small perturbation is applied to the system, it is likely to tear the line between the two saddle points. The flow will appear as multiple flow patterns, shown in Fig. 3 . The topological structures of the disturbed system and undisturbed system are inequivalent. This also explains why the discrepancies in flow-direction results arose between previous numerical simulations and experiments, as shown in Fig. 4 . Because of the flow instability in the cabin, experimental measurement must be carried out in a complete cycle. In the numerical simulation, the unsteadiness itself must be simulated in the calculation. The comparison between the numerical simulation and experiments should be done in a whole flow oscillating cycle.
Turbulence models
For unsteady-state flows, we applied the unsteady RANS (URANS) turbulence model, and LES [20] to predict the airflow and turbulence. In the URANS simulation, the RNG k-ε turbulence model, Realizable k-ε turbulence model, V2f turbulence model [21] and an anisotropic model [22] based on the idea of the V2f model, are compared. The RNG k-ε model was proposed by Yakhot et al. [11] . Chen [9] and Zhang et al. [14] compared a couple of eddyviscosity models in modeling indoor airflow and concluded the RNG k-ε model behaves generally best. However, it needs an assumption that the whole flow field is fully turbulent. The realizable k-ε model proposed by Shih et al. [23] incorporates a new eddy-viscosity formula involving a variable Cμ originally proposed by Reynolds [24] and a new model equation for dissipation ε, based on the dynamic equation of the mean-square vorticity fluctuation. The V2f model is similar to the standard k-ε model but incorporates near-wall turbulence anisotropy and non-local pressurestrain effects. Besides k and ε equations, the v2 and f equations are needed [20, 25] .
The distinguishing feature of the V2f model is its use of the velocity scale 2 v , instead of the turbulence kinetic energy, k, for evaluating the eddy viscosity 2 v , which can be thought of as the velocity fluctuation normal to the streamlines, has shown to provide the right scaling in representing the damping of turbulence transport close to the wall, a feature that k does not provide. However, this model exhibits the numerical stiffness problem in a segregated solution procedure, such as the SIMPLE algorithm, which requires remedy [26] . Moreover, V2f was originally proposed for the channel flow calculation and mainly considered the near-wall turbulence anisotropy. The anisotropy caused by natural convection is not included in the V2f model. Thus, the 2 v is thought of as the velocity fluctuation normal to the streamlines only at the near-wall region.
Based on the idea of the V2f model, an anisotropic model (BV2fAM) was developed by Yao et al. [22] . In the v can be seen in Davidson et al. [27] . The validity of the developed BV2fAM model was confirmed by two benchmark cases, one is classic natural convection in a tall cavity and the other is mixed convection in a square cavity (shown in Ref. [22] ).
Comparison of simulation results in cabin environment
To exclude the flow instability caused by geometric structure, the single-row cabin with symmetric geometry and grid structure is simulated by the fine large eddy simulation (LES). The grid used in the fine LES is 22 million. In order to eliminate the interference of the artificial inlet boundary disturbance, the inlet boundary perturbation is set to zero. The WALE sub-grid model is employed in the LES. Turbulence analysis shows that the turbulence space scale is about 0.3 mm Kolmogoroff scale and energy-containing scale is from 1 to 0.004 m, respectively. The resolvable scales grid number under the above computational grid size is large than 20, and the turbulence time scale is about 0.1s. Figure 5 shows the velocity contours at different times by the LES. It can be seen that the instability of flow is obvious even in the symmetric model. The flow instability is especially clear in the aisle. Because the computation cost of the LES is too big, it is not suitable for large-scale cabin simulation. So we tried to use the unsteady RANS (URANS) turbulence model to simulate the airflow in the cabin. The simulation model is still the above symmetric single-row cabin model. Figure 6a shows the simulation results by the RNG k-ε turbulence model. First, three million grid cells are used in the simulation. We find that the flow is very steady and symmetric. At the beginning, we thought the mesh is too coarse to cause a large computational grid viscosity. It makes the RNG k-ε turbulent model unable to capture the flow instability. So we constantly increased the computation grid. However, the flow field simulated by the RNG k-ε turbulent model is still symmetric and stable even in the simulation with 20 million grid cells shown in Fig. 6 (b and c) . It could be deduced that the unsteady RNG k -ε turbulent model cannot effectively simulate the instability of flow field.
(a) 3,000,000 grid (b) 8,000,000 grid (c) 20,000,000 grid We tried another k -ε turbulent model, i.e. the Realizable k-ε turbulence model. The term "realizable" means that the model satisfies certain mathematical constraints on the Reynolds stresses, consistent with the physics of turbulent flows. Neither the standard k-ε model nor the RNG k-ε model is realizable. However, the flow field simulated by the Realizable k-ε turbulence model is still symmetric and stable, as shown in Figure 7 .
Then we used the V2f turbulence model, which was recommended in Ref. [14] . The simulation model is still the above symmetric single-row cabin model with symmetric boundary conditions. Figure 8 shows the simulation results by the V2f turbulence model. It can be seen that the unsteady V2f turbulence model also cannot effectively reproduce the instability phenomena of flow fields. Because the conventional turbulence model cannot effectively simulate the instability of flow field, we developed an anisotropic model (BV2fAM) based on the idea of the V2f model. The 3-million grid is used in the simulation. Figure 9 is the results by BV2fAM. The side jets' swing phenomenon that occurred in the theoretical analysis and LES is reproduced in the numerical simulation of BV2fAM. The swing period obtained by BV2fAM is similar to that of LES. 
(b) Conclusions
In this paper, first, it is theoretically proven that the topological structure of flow field in the cabin is absolutely unstable and is low on anti-jamming. If there is a random perturbation in the flow field, it makes the topological structure of the flow field exhibit a variety of unstable modes. Specifically, the jets from the inlets swing up and down. These are typical flow characteristics in the cabin. This also explains why discrepancies in flow-direction results arose between previous numerical simulations and experiments. Then we used the fine LES with 22 million grid cells to reproduce the flow instability phenomena in the symmetric cabin. However, the unsteady RANS (URANS) method with conventional turbulence models, such as the RNG k-ε turbulence mode, the Realizable k-ε turbulence model and V2f turbulence model, cannot effectively simulate the instability of flow field in the symmetric cabin. So we develop an anisotropic model (BV2fAM) based on the idea of the V2f model. Three million grid cells were used in the BV2fAM simulation. The flow instability phenomenon was reproduced in the numerical simulation by BV2fAM.
